Surface proteins called intimins (Int), which are homologous to the invasin protein (Inv) of Yersinia spp., play a role in inducing brush border damage, termed attachment and effacement, which follows infection by enteropathogenic and enterohemorrhagic Escherichia coli, Citrobacterfreundii biotype 4280, and Hafnia alvei. 
enterobacteria to brush borders induces elongation and then effacement of microvilli by the formation of microvesicles of brush border membrane. The bacteria then adhere to bare plasma membrane of the enterocytes by close apposition. The bacteria are partly invested by plasma membrane, forming structures called pedestals (19) . The cytoskeleton immediately subjacent to this lesion becomes reorganized by polymerization of actin (6, 14, 22) .
The formation of the A/E lesion in the intestinal brush border is determined by a family of outer membrane proteins with molecular masses of ca. 100 kDa encoded by chromosomal genes. The first of these proteins to be characterized, that of EPEC, was initially termed E. coli attaching/effacing protein (EAE) and is now called intimin (Int) (12) . Loss of the eae gene (now called eaeA) (3, (10) (11) (12) from EPEC resulted in loss of the ability to cause the ANE lesion and also loss of the ability to invade tissue culture cells. However, transfer of the gene to an avirulent E. coli strain did not confer the ability to induce the A/E lesion (10) . An additional, as yet unidentified, chromosomal virulence gene(s) (class IV mutants [cfm] ) was required to induce tyrosine phosphorylation of cellular proteins, while the intimin was required for pedestal formation (22) . IntCF, respectively) had a high degree of homology with each other and with the N-terminal ends of the inv gene products of Yersinia pseudotuberculosis (9) and Yersinia enterocolitica (33) . The C-terminal 280 amino acids of the three sequenced intimins had less homology with each other (IntEPEc and IntEHEc, 50% identity; IntEPEc and IntCF, 50% identity) and showed very little similarity with the analogous domain of the Y pseudotuberculosis inv gene product (IntEPEc and Inv, 15% identity). The Y pseudotuberculosis and Y enterocolitica gene products, termed invasin (Inv), are outer membrane proteins of 103 and 94 kDa, respectively, which induce eukaryocytic cells that are not normally phagocytic to ingest coated bacteria and inert particles (21, 31) . The (17, 21) . A disulfide loop in this region is necessary for this biological activity (18) . The cell membrane receptors for Inv are the X3-6P,I integrins, which are known to bind extracellular matrix glycoproteins such as fibronectin and vitronectin and to be associated with intracellular proteins such as actin, ox-actinin, talin, tropomyosin, and vinculin (7, 8) that are implicated in either pedestal formation or invasion of cells by enterobacteria (6, 14, 22, 23) .
Recently, Schauer and Falkow (27) 
MATERUILS AND METHODS
Bacterial strains and plasmid. The bacterial strains and plasmid used in this study and the names of the C-terminal domains of the Inv and Int-like proteins isolated from them are detailed in Table 1 .
Construction of MBP-Inv and MBP-Int-like fusion proteins and DNA sequencing of the IntHA C-terminal domain. PCR (20) was employed to amplify the DNA sequences encoding Int-like and Inv C-terminal regions, using whole bacterial DNA and plasmid pRI203, respectively, as templates. Two oligonucleotide primer pairs were synthesized on the basis of the published sequences of the inv gene of Y pseudotuberculosis (9) and the eaeA family of genes of EPEC, EHEC (2, 34), and C. feundii (26) . The forward primers, including an EcoRI restriction site, were derived from the 3' ends of the conserved N-terminal domains ( Table 2 ). The reverse primers were derived from the 3' ends of the genes, including the stop codons and an XbaI restriction site ( 1 mM dithiothreitol, and 1 mM NaN3) and then frozen overnight at -20°C. After thawing and sonication at maximum intensity in 10-s bursts for a total of 2 min, the sonicates were centrifuged at 6,300 x g for 30 min. The supernatants (crude extracts) were diluted with 100 ml of column buffer. The amylose resin (New England Biolabs) was poured into 15-cm columns (bed volume, 20 ml). The columns were washed with 200 ml of column buffer. The crude extracts were loaded at a rate of 1 ml/min and then washed with 160 ml of column buffer. The bound fusion proteins were eluted with column buffer containing 10 mM maltose (elution buffer). Twenty 3-ml fractions were collected, and the optical densities of the fractions were measured at 280 nm. Protein concentrations were determined with Bradford reagent (BioRad). The purity of fractions eluted was tested by polyacrylamide gel electrophoresis and immunoblotting with anti-MBP antiserum (New England Biolabs).
Detection of binding of MBP fusion proteins to HEp-2 cells by immunofluorescence microscopy. HEp-2 cells were grown overnight on glass coverslips in 24-well tissue culture plates (1.5 x 105 cells per well) in 1 ml of Dulbecco's modified Eagle's medium with 10% fetal calf serum, 2 mM L-glutamine, and 50,000 U of penicillin and 50 mg of streptomycin per liter (complete medium). Dulbecco's modified Eagle's medium was replaced with 200 p.l of RPMI-0.4% bovine serum albumin exposed to MBP-Int-like fusion proteins (Fig. 3) . FACS was also used to demonstrate MBP fusion protein binding to the eukaryotic cells. The four MBP-Int-like fusion proteins had higher signals, as indicated by higher median channels of fluorescence intensity, than the MBP-Inv fusion protein (Fig.  4) , which is in agreement with the fluorescence microscopy images showing brighter staining with Int-like fusion proteins (Fig. 3) . Both the Inv and Int-like fusion proteins had higher fluorescence intensities than the negative control (Fig. 4) Fig. 6 , preincubation of the cells with MBP-Inv inhibited cell attachment. However, neither MBP nor MBP-IntEPEC fusion protein had any inhibitory effect (Fig. 6) .
Adherence of staphylococci and fluorescent Covaspheres coated with MBP fusion proteins to HEp-2 cells. Staphylococci and fluorescent Covaspheres coated with MBP could be seen only occasionally adhering to HEp-2 cells, whereas staphylococci and beads coated with either MBP-Inv ( Fig. 7 and 8 ), MBP-IntEPEC ( Fig. 7 and 8 ), or MBP-IntCF (not shown) could be seen covering large areas of the cell membranes. After examination of many independent monolayers exposed to the coated particles, it appeared that the numbers of attached staphylococci were similar for the particles coated with MBP- IntEPEC (Fig. 7) and those coated with MBP-Inv or MBP-IntCF (not shown), while MBP-IntEPEC (Fig. 8) and MBP-IntCF (not shown) coated Covaspheres were seen at higher frequencies than beads coated with MBP-Inv (Fig. 8 ).
DISCUSSION
Interaction with epithelial cells is among the first events in the pathogenesis of many infectious diseases. As a result, the attached bacteria may invade eukaryotic cells. Yersinia spp. are one of several genera of invasive bacteria whose mechanisms of cell invasiveness are well characterized (8, 9, 17, 21, 30, 33 Fluorescent intensity similar biological properties, i.e., the ability to convert an E. coli K-12 strain to an attaching and invading organism (33). ) 10 20 30 40 50 60 Yersinia spp. invade the intestinal epithelium and proliferate in the lamina propria and regional lymph nodes. In contrast, EPEC, EHEC, H. alvei, and C. freundii biotype 4280 colonize the intestinal lumen, by adhering to and effacing enterocyte brush border (10, 13, 19, 32) . EPEC strains of human origin colonize the entire intestinal tract of humans (24) and can induce the A/E lesion in human, rabbit, and pig intestinal brush borders (15, 19) . EHEC strains have been shown to colonize the distal intestine preferentially, in vivo, in infant rabbits (29) and gnotobiotic pigs (32) . They are distinguished ___________ _ from EPEC by hyperproduction of Shiga-like cytotoxin (29) .
H. alvei resembles EPEC in its ability to efface rabbit small ling of the MBP fusion proteins to HEp-2 cells deterintestine (1). C. freundii biotype 4280 appears to efface only the 'S. Incubation of cells with the fusion proteins was colonic mucosae of mice (13) . The ability of all four of these 37°C for 45 min. Bars represent the means of six pathogens to efface brush border and to intimately interact )f fluorescence intensity determined for MBP and the with the epithelial cell membranes involves the eaeA gene fusion proteins; thin lines represent standard errors of family located on the bacterial chromosome.
An alignment of the sequences of the EPEC, EHEC, and C. freundii biotype 4280 proteins encoded by eaeA-like genes (2, 12, 26, 34) and the eaeA C-terminal domain of H. alh'ei (this study) shows striking sequence similarities of around 80%. The eaeA-encoded proteins also show significant similarly to the Y pseudotuberculosis and Y enterocolitica inv gene products, especially among the first 700 amino acids of the N-terminal end (34) . The integrin-binding site of Inv resides in the 192 amino acids of its C-terminal end (17) , and on the basis of similarities with the IntEPEC family of proteins, it has been suggested that IntEPEC is the adhesin that mediates the intimate interaction between EPEC and the epithelial cell, through the analog domain. Despite the striking differences in the amino acid sequences between Inv and Int C-terminal domains, two cystine residues that were previously shown to be essential for Inv binding to its receptor (18) are also present, at the same relative locations, in all four intimins (2, 12, 26, 34; this study). However, unlike Inv, which by itself can induce the invasive process of nonphagocytic cells, IntEPEC requires the cooperation of other EPEC proteins (3, 10, 11, 22 ; see reference 4 for a review), and the expression of the eaeA gene in an E. coli K-12 strain did not confer the A/E property (10). Nevertheless, IntEPEC is a virulence factor that induces seroconversion in human volunteers (5) .
In this study we investigated the ability of the C-terminal domain of the eaeA gene product to attach to and induce attachment of HEp-2 cells. We have done so by generating malE fusions (obtained by cloning of amplified segments) with the DNA sequences of the C-terminal domains of the four eaeA genes listed in Table 1 . We have used, in the PCR, a forward primer which was derived from the end of the Since both of these sites are conserved among the three sequenced eaeA genes, with only minor differences in DNA sequences, we were able to use one set of primers to amplify the three genes. This set of primers was also suitable for amplifying the H. alvei eaeA-like gene. Since we intended to use the Inv C-terminal domain as a positive control and to compare the properties of Inv with those of the eaeA gene products, we have amplified the same region of inv by using pRI203, which encodes the whole Y pseudotuberculosis inv gene, as the template.
Using cells, while same bacteria coated with fibronectin will only adhere to the cell membrane. Since both of these molecules will bind integrin, the difference in their biological activity is because Inv has higher affinity for the receptor than does fibronectin (31) . Staphylococci and polystyrene beads coated with MBP-IntEPEC fusion protein mediated attachment to HEp-2 cells. However, although coated staphylococci showed a similar attachment capability, MBP-Int-coated beads showed enhanced binding compared with that of Inv-coated beads. This might be the result of the covalent binding of the proteins to the beads, which may modify the flexibility of the 76-aminoacid loop necessary for Inv binding (18) . Site-directed mutagenesis to substitute the cystine residues of intimins will be needed to determine their necessity for binding of intimins. The induction of cell spreading and adhesion is a property of integrin ligands such as fibronectin (30) , laminin (28) 
